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Abstract 
A novel method of biofilm growth evaluation is presented in this paper. Using quartz tuning forks as disposable mass sensors, 
authors were able to observe Pseudomonas aeruginosa biofilm growth in all its phases. Applied fully electric tuning fork 
resonance frequency measurement methods eliminate the use of additional actuator. Admittance versus frequency characteristics 
of tuning forks where used to estimate their resonant frequency. High resonant frequency measurement resolution of around 10 
mHz achieved owing to high tuning  fork quality factor and good temperature influence compensation in developed electronic 
circuits resulted in a mass change measurement resolution of around 50 pg. Such resolution is sufficient to observe all  phases of 
biofilm growth on the sensors surface. Presented method is fast, cost effective and doesn’t require any complicated sample 
preparation. 
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1. Introduction 
In many clinical and industrial settings, biofilm represents a hazardous and costly problem. Many of human 
infections are caused by biofilm-grown bacteria. It is now well documented that many chronic infections, 
particularly those involving medical implants and prosthetic devices involve consortia of bacteria growing as an 
adherent biofilm enclosed by polysaccharide matrix [1]. Biofilm could be also a source of chemical and toxic 
metabolite contaminations in water systems and facilitate corrosion of metal structures [2]. Biofilm formation can be 
detected by several methods including: crystal violet adsorption, microscopy visualization (SEM, TEM, CLSM, 
AFM) and fluorescence in situ hybridization [3]. Most of these procedures are time consuming and expensive. The 
main disadvantage of mentioned procedures is lack of precise evaluation of biofilm progression in short time.  In 
this work an application of quartz tuning forks in Pseudomonas aeruginosa biofilm growth monitoring is reported. 
Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that can cause respiratory diseases including 
cystic fibrosis (CF) and serious nosocomial infections of burn wounds, battlefield injuries, and organ transplant [4]. 
Crystal oscillators, including quartz tuning forks have been reported to be valuable mass sensors for biomolecule 
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detection [5, 6]. Because the tuning fork resonance frequency can be calibrated as a function of adsorbed mass [5, 7] 
and due to their very low price and low dimensions tuning forks can be used as accurate, disposable mass sensors 
for portable instrumentation. Changes in admittance modulus versus frequency characteristics of a tuning forks were 
used to estimate mass of a biofilm grown on the sensors surface. 
2. Methods description 
2.1. Measurement setup 
Various methods of tuning fork resonant frequency measurement have been reported – self excited generator 
circuit [5], systems with mechanical actuation [8], systems based tuning fork admittance measurement [7]. Self 
excited circuits react to the resonance frequency shift with a very low time constant, however, no information about 
other oscillation parameters is obtained. Systems with mechanical excitation are additionally capable of measuring 
oscillations amplitude and Q factor of the piezoelectric oscillator. Admittance modulus measurement based systems 
have all advantages of systems with mechanical excitation but they are fully electric, thus not requiring additional 
mechanical actuator. Tuning fork admittance versus frequency characteristics show a very good correlation with 
amplitude of mechanical oscillations as a function of actuation signal frequency, see Fig. 1. 
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Fig. 1. (a) Tuning fork admittance modulus versus frequency; (b) Displacement of a tuning fork beam end versus frequency of 60 mV actuation 
signal. 
Multi-channel tuning fork admittance modulus vs. frequency measurement system has been designed for the 
purpose of presented experiments (fig. 2). 1 mHz stability of actuation signal, which is crucial for tuning fork 
resonance frequency measurement resolution is guaranteed with a specially designed 8-channel digital signal 
generator (DDS) clocked from an oven controlled 20 MHz crystal oscillator (OCXO). Multi-channel 
transimpedance amplifier has been integrated in the measurement chamber. Demodulated tuning fork current signal 
is measured with a National Instruments data acquisition card. Obtained resonance frequency measurement 
resolution of 10 mHz results in 50 pg mass measurement resolution. 
2.2. Measurement procedures 
The Pseudomonas aeruginosa ATCC 27853 strain was used as a model of biofilm forming bacteria. Bacteria was 
stored at –70oC in Trypticase soy broth (Becton Dickinson and Company, Cockeysville, MD, USA) supplemented 
with 20% glycerol. For experiments strain was refreshed in sterile Muller Hinton Broth (MHB) for 18h. Refreshed 
18h bacterial culture was suspended in 2ml of MHB in 24 wells titrate plate to obtain 5*105 cell per ml. 
Tuning forks were rinsed in isopropanol for 30 min. and sterilized before the experiment. Prepared sensors were 
placed in Pseudomonas aeruginosa culture. Measurement procedure was performed every hour of 12h culture 
incubation. Resonance frequency measurement of each tuning fork was conducted after rinsing for 20 min in 
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distilled water, fixing for 30 min. in absolute alcohol and drying for 15 min. in laminar chamber. Simultaneously, 
bacterial growth in titrate plate well was evaluated by serial dilution and bacterial colony count on Muller Hinton 
Agar plates (MHA).  
 
 
Fig. 2. Tuning forks matrix resonant frequency measurement setup. Resonant frequency estimation is based on fully electric admittance versus 
frequency characteristics measurement. 
3. Results 
Tuning forks resonance frequency shift is proportional to mass of bacterial biofilm adhered to the sensor surface, 
see Fig. 3a. 1 Hz of resonance frequency deviation is caused by tuning fork loading with biofilm mass of ca. 200 ng 
overall and ca. 150 pg per 105 um2 of sensor surface. Given values were calculated assuming that whole surface of 
sensor was covered with biofilm and thus, effective mass of bacteria was equal ca. 0,25 of its real mass. Monitored 
bacterial culture growth presented as colony forming units per ml (cfu/ml) is shown in Fig. 3b. Biofilm formation on 
tuning fork surface was also measured with an AFM microscope (Fig. 4). Thickness and length of structures visible 
on the AFM image is typical for Pseudomonas aeruginosa cells.  
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Fig. 3. (a) Change of tuning forks resonance frequency caused by  Pseudomonas aeruginosa biofilm growth. phase 1: adhesion, phase 2: biofilm 
growth, phase 3: biofilm degradation; (b) Pseudomonas aeruginosa culture growth [cfu/ml] 
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Fig. 4. Topography of fully grown Pseudomonas aeruginosa biofilm on tuning fork surface measured with an AFM microscope 
4. Conclusions 
Presented bacterial biofilm formation monitoring method allowed authors to observe biofilm mass changes 
during its growth and degradation. Fully electric setup simplifies experiments – no mechanical coupling with 
actuator is required. All phases of biofilm growth of Pseudomonas aeruginosa ATCC 27853 could be observed 
during a short 12h time. AFM measurements of used sensors surface was a good method of experiments control. 
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